Transparent conductive oxides (TCOs), such as the well-known indium-tin oxide, find widespread use in modern (nano)technological applications because of their unique combination of negligible optical absorption and good electric conductivity. We, however, show that despite the near-zero imaginary part of the refractive index that is responsible for the material's transparency, TCOs drastically quench optical emitters when the emitter is within 10 nm from the TCO. Our results reveal that the pure near-field nature of this dissipation makes for an exquisite shortrange optical ruler. Previous quenching-based optical rulers, based on interactions with plasmonic or graphene materials, have allowed measuring distances in the 20-100 nm range. Distances below 20 nm have, however, been hard to assess due to poor photon yields or weak absolute variations. We show that TCO-based rulers close this gap, allowing distance measurements with far-field optics in the 1-10 nm distance range with deep subnanometer sensitivity.
INTRODUCTION
The behavior of quantum emitters in close proximity to metal surfaces has been extensively studied since Drexhage [1] showed how the lifetime of emitters oscillates as a function of distance to a silver mirror, and rapidly decreases for small distances, less than about 40 nm. This is due to either decay into a plasmonic mode or nonradiative transfer of energy from the emitter to the highly absorbing metal [2, 3] . Both effects are included in the complex refractive index n n 0 ik of the substrate [4] , where n 0 describes the wavelength of the radiation in the material and k relates to the dissipation of optical energy by the substrate material. As a consequence, emission is effectively quenched [2, 5, 6] and the effective quantum yield (QY), i.e., the chance of detecting a photon in the far field, decreases. The strong dependence of the nonradiative decay rate on the distance of the emitter from the metal has been used to optically measure distances of 20-100 nm [7, 8] . Similarly, quenching of fluorescence has also been reported for emitters near semiconductor interfaces [9] [10] [11] , and the near-field interaction between graphene and emitters has been used for ruler applications down to 20 nm distance [12] [13] [14] . For dielectric interfaces, where k ≈ 0, oscillations in the lifetime also occur, but less pronounced [6] , and the effective QY remains constant even in close proximity. For this precise reason, dielectric substrates are unsuitable for use in quenching-based ruler applications. For indium-tin oxide (ITO), and similar transparent conductors, k 2 × 10 −3 (Supplement 1, Section 1), three orders of magnitude below that of metals and semiconductors. Therefore, it is generally expected that ITO behaves similarly to, e.g., glass. Here, however, we show that such transparent conductive oxides (TCOs) show a drastic near-field fluorescence quenching at separations below the 20 nm limit of the metal and graphene rulers. In the past, Förster Resonance Energy Transfer (FRET) has been put forward as a technique to measure distances in the fewnanometer range [15] . However, in practice, FRET is used to detect conformational or "on-off " binding changes rather than measuring absolute distances, as the efficiency critically depends on the yield of the double binding of two molecules and unknown or hard-to-determine coupling factors [16] . Likewise, rulers based on detecting spectral changes in the plasmon resonances of metal nanoparticles have been successfully applied to measure distance changes of the order of a nanometer, but here also deducing absolute distances is not trivial, since a calibration of such a ruler has to be able to handle unintentional differences in the shapes and sizes of nanoparticles [17] . Instead, we will show that near-field quenching by TCOs allows distance measurements with subnanometer accuracy. the excited state in an inhomogeneous environment (e.g., near planar interfaces) and τ 0 is the excited state lifetime in a reference environment (typically vacuum). Under the assumption that the weak-coupling regime is valid such that Fermi's Golden Rule applies, the normalized lifetime, equivalent to the inverse of the relative local density of states (LDOS), can then be calculated with classical dipoles by relating [6] τ∕τ 0 γ 0 ∕γ P 0 ∕P LDOS −1 ;
where P and P 0 are the power emitted by a classical dipole in the inhomogeneous and reference environments, respectively. Furthermore, the decay rates in the reference and inhomogeneous environments are given by γ 0 1∕τ 0 and γ 1∕τ, respectively. Then, in order to calculate the relative lifetime for a dipolar emitter near a planar interface [see the inset in Fig. 1(a) for a schematic], we use the angular spectrum representation of the dipole field [18] . This representation was used to incorporate the effect of a planar substrate on the emission of the dipole [19] [20] [21] , where the substrate can have any number of additional layers, each with a different (complex) refractive index.
In Fig. 1(a) , we show the calculated normalized excited state lifetime, relative to vacuum, for a horizontally [22] oriented quantum emitter as a function of the distance from an uncoated, a metal-coated, and an ITO-coated dielectric substrate. In accordance with the discussion in the introduction, the lifetime of the emitter oscillates above the dielectric, but remains finite as the emitter approaches the surface. In contrast, for a substrate coated with 17 nm silver [23] (k 3.73), the lifetime oscillations appear more pronounced, but as a major difference, the lifetime goes to 0 when the emitter approaches the substrate. This strong change lies at the base of plasmon and graphene rulers [7, [12] [13] [14] . However, for these materials, the effective QY (defined as QY τ nr ∕τ r τ nr , a ratio of nonradiative and radiative lifetimes] also drops rapidly with decreasing distance [see Fig. 1(b) ], making it experimentally very challenging to measure distances below 20 nm.
Next, we turn our attention to ITO. As anticipated from the values of the refractive index, the absorbance for light at normal incidence is only about 0.1% for a 17 nm layer of ITO on glass (see Supplement 1, Section 2). Also, from Fig. 1(a) , we can see that the lifetime oscillates mildly and largely in tandem with the dielectric. However, this abruptly changes for distances below 10 nm, where the lifetime is observed to drop sharply toward 0. As shown in Fig. 1(b) , the QY gradually drops as the emitter gets closer to the ITO, but is larger than for the silver-based ruler. At a distance of 1 nm to the ITO, the QY of the emitter still is about 1%, whereas the QY for the silver-coated substrate has dropped to about 0.01%, two orders of magnitude lower. Therefore, only with near-transparent materials like ITO can these extremely small distances be probed reliably.
EXPERIMENTS
We confirm the predicted lifetime decrease on ITO experimentally, using as a proof of principle Al 2 O 3 dielectric spacers created by atomic layer deposition (ALD) on ITO-coated cover glasses with an ITO thickness of 17 1 nm (see also Supplement 1, Section 3). Fluorescent molecules [tetraphenoxy-perylene diimide (TPD), with peak emission at 600 nm, and Alexa Fluor 430, with peak emission at 540 nm] are dispersed onto the cover glasses at concentrations that are close to, but slightly higher than, those typically used for single-molecule studies. This way we average over a few to a few tens of molecules per measurement while avoiding self-quenching. We note that quantum dots are less suited to probe the predicted lifetime decrease because of their intrinsic size and because additional phenomena like charge transfer and photobrightening may occur simultaneously [24] [25] [26] . Fluorescence decay curves for TPD molecules for different spacer thicknesses are shown in Fig. 2 . These decay curves show singleexponential decay with increasingly shorter lifetimes as the ruler distance decreases. In Fig. 3(a) , the mean TPD lifetime is shown as a function of spacer thickness. The results are compared to the theoretical prediction where the effective height of the molecular transition dipole with respect to the Al 2 O 3 layer is a free parameter in the model (see Supplement 1, Section 4). In this theoretical model, we explicitly include the effect that the combination of the spacer layer, the ITO layer, and the glass substrate has on the dipole emission. We find that an effective height of 1.13 0.05 nm of the dipole above the Al 2 O 3 layer optimally describes the measurements. The inset in Fig. 3(a) shows the measured mean fluorescence intensity as a function of spacer thickness, normalized to the predicted QY at 10 nm. At 1 nm separation, the fluorescence intensity has decreased to 2.5% of the intensity at 10 nm, but can still be recorded reliably, as also follows from Fig. 2 . We note that intensity is not the preferred indicator of quantum efficiency, because experimentally it is a less rigidly defined parameter than lifetime [5] . Nevertheless, the measured dependency of fluorescence intensity on spacer thickness agrees The lifetime for the emitter above ITO behaves similarly to a lossless dielectric, for distances of more than 10 nm. For smaller distances, the behavior resembles that of an emitter above a metal. (b) QY of an emitter, depending on the distance from the bare glass substrate and silver-and ITO-coated substrates. The QY drops decidedly over the range from 10 nm down to 1 nm, but for a low-loss material likereasonably well with predictions based on the theoretical model, using the found effective dipole distance as input. In addition, the curve illustrates the milder reduction in fluorescence signal when emitters are deposited near ITO compared with metals and graphene (see also below) [7, [12] [13] [14] . A similar behavior to that of TPD, i.e., a clear lifetime reduction over a 1-10 nm distance from ITO, was observed for the commercially available fluorescent label Alexa Fluor 430. The found dependency of the lifetime on the distance is shown in Fig. 3(b) , where the effective dipole distance of the emitter from the alumina layer was found to be 0.54 0.05 nm (see Supplement 1, Section 5).
Our experimental results show that even the 1 nm step in spacer thickness between 1 and 2 nm is well resolved, indicating that substrates with negligible absorption could be used as subnanometer-accuracy optical rulers, with, in the region from about 2 to 5 nm, an approximately linear relation between lifetime and distance. In order to illustrate this, an additional data set was gathered from an extra set of TPD-coated ITO samples with Al 2 O 3 spacer thicknesses ranging from 3 to 5 nm with 0.33 nm step size (three ALD cycles). The measured lifetimes as a function of spacer thickness are shown in Fig. 4 . The seven data points can be clearly distinguished, and a linear fit to the data shows excellent agreement, confirming that low-absorbing transparent conductors indeed can be used as deep subnanometer optical rulers. The typical change in lifetime in this range is found to be 0.58 0.05 ns∕nm.
ORIGIN OF STRONG NEAR-FIELD QUENCHING
Our experiments clearly show the drastic lifetime reduction as a function of distance from ITO. However, with respect to the value of k for ITO (2 × 10 −3 ), it could be considered unexpected to see such a strong enhancement of the nonradiative decay channels. We briefly discuss the origin of this enhancement here. In Fig. 5(a) , we show the power spectral density, d P∕d s, of a horizontal dipole as a function of distance from the ITO. Here, s is the in-plane component of the wave vector in the plane-wave expansion after normalization with the wave vector in vacuum, i.e., Research Article s k parallel ∕k 0 . Then, s 0 to s 1 characterizes waves that can propagate both in vacuum and in the glass substrate. From s 1 to s 1.52, evanescent waves in the dipole field can couple into the substrate and transform into propagating waves [21] . From s 1.52 and beyond, the field associated to these wave vectors cannot couple to the far field. For distances of 10 nm down to 0.4 nm, dP∕ds barely changes for values of s 0…1. In contrast, in the range of s 1…1.52, evanescent waves couple more efficiently to propagating modes in the substrate with decreasing distance. Since the ITO is essentially transparent, the increase in power density in this range relates to an increase in the radiated power. However, for purely evanescent waves (s > 1.52), the power density increases particularly strongly [note the logarithmically scaled x axis in Fig. 5(a) ]. Any dissipation at these wave vectors results in an effectively lower chance of measuring a photon in the far field. In order to compare with metals, the power spectral density for a dipole near a silver substrate is also shown in Fig. 5(a) , plotted as a dashed curve. For silver substrates, coupling to surface plasmon polaritons takes place as witnessed by the peak around s 2, a decay mechanism that is absent for ITO. Moreover, similarly to ITO, strong dissipation at high wave vectors (note the scaling factor of 0.15) can be seen clearly. This indicates that the mechanism behind the dissipation for s ≫ 2 is the same for silver and ITO, but about an order of magnitude stronger for silver, in accordance with the calculations shown in Fig. 1 .
Our data point to the conclusion that the dissipation is due to the nonradiating part of the dipole field, which, despite the low losses for radiation, is still particularly strong for ITO. The waves associated with these wave vectors have been called "lossy surface waves" [5, 20] , but the dissipation at high wave vectors is essentially the effect of increasing Joule dissipation by the nonpropagating quasi-static part of the near field of the dipole [27] , connected by a Fourier transform. Therefore, a quasi-static description should be sufficient to describe the data and the full model when dissipation in the near field is dominant. In the quasi-static approximation, the lifetime changes due to radiative rate enhancements (such as the interference of the dipole field with its own reflected field and the coupling of evanescent waves to radiative modes) are ignored. Only the direct dissipation of energy via the strong near field of the dipole in the dissipative medium is taken into account, which occurs when the two are close. In Fig. 5(b) , it can be seen that this approximation describes the observed quenching well. The differences between the exact solution (black curve) and the quasi-static approximation (red curve) can be entirely attributed to changes in the radiative components of the lifetime (gray curve).
QUASI-TWO-DIMENSIONAL ITO LAYERS
While existing two-dimensional materials such as graphene additionally suffer from non-negligible absorption [28] (k 1.09i, at λ 600 nm, 2% absorption of radiation), thinning down the ITO to a quasi-two-dimensional, yet nonexistent, thickness of 1 nm (0.006% absorption) still shows the reported quenching. The reason behind this is that the quenching primarily occurs in the very first few tenths of a nanometer of the material, due to the overlap of the quasi-static dipole field with the ITO. Therefore, the near-field quenching is relatively insensitive to the ITO thickness, even for the nearly two-dimensional layer thicknesses. This conclusion is supported by a calculation, shown in Fig. 6 , where we compare the lifetime reduction and QY of a horizontal dipole above a layer of ITO of 17 nm thickness and of 1 nm thickness, as a function of distance. The black curves in Figs. 6(a) and 6(b) represent the case where the layer is 17 nm thick, and are the same data as shown in Figs. 1(a) and 1(b) , respectively, repeated for convenience. The red curve represents the case where the layer is 1 nm thick. Obviously, despite the 17 times thinner layer, the lifetime and QY show a near-identical behavior. In both cases, the experimental accessibility of the range of distances from 1 to 10 nm is superior compared with graphene (gray curve).
CONCLUSIONS AND DISCUSSION
We conclude that the reported distance dependency of the ITO quenching makes for an exquisite short-distance ruler with, in the 1-10 nm range, enhanced sensitivity over metal-and graphenebased quenching schemes [7, 8, [12] [13] [14] . This ultimate range is made accessible experimentally, thanks to the sudden onset of fluorescence quenching by ITO for very short distances. As a proof of principle, we show clearly resolved increases in lifetime that are in step with 0.33 nm increments in spacer thickness, deposited on ITO-coated glass slides. For the investigated range, this yielded a response of 0.58 0.05 ns∕nm. Power density spectrum of a horizontal dipole at four distances from a glass substrate coated with 17 nm ITO (solid curves, λ 600 nm). The large dissipation for s > 1.52 and h < 10 nm is related to the nonpropagating part of the k-space spectrum of the dipole field. For comparison, the power density spectrum of a horizontal dipole near a 17 nm thick silver layer is shown as well (dashed curve), which indicates the presence of a surface plasmon pole around s 2, absent for ITO. Moreover, strong near-field dissipation (note the scaling factor of 0.15) due to the nonpropagating part of the k-space spectrum also takes place, similarly to ITO. (b) The nonradiative part of the dipole quenching near the ITO layer is approximated well with a quasi-static description for distances smaller than about 10 nm, as the red curve shows. For comparison, the black curve is the full electromagnetic solution, and the differences are due to the radiative part (gray curve).
The reported quenching is the result of Joule dissipation by the quasi-static near field of the emitter, which occurs by virtue of negligible absorption of radiation. Moreover, tuning the value of the complex refractive index, e.g., by optical means [29] , control of the stoichiometry of the transparent conductors or by the inclusion of dopants [30] , allows tuning of the distance range of the ruler. In this respect, we note that for a dielectric like BK7 glass (k ≈ 10 −8 ), the quenching would occur below 0.1 nm, if we assume that the mathematical model would still hold at these small separations [31] . Substrate-based rulers are compatible with live-cell fluorescence measurements, including super-resolution fluorescence [8] , offering distinct advantages, including robustness, over bimolecular distance rulers like with lifetime measurements in FRET [15, 16] . Finally, for practical applications in areas such as solar energy conversion, plasmonics, sensing, and highresolution microscopy, where a transparent conducting substrate may be needed, e.g., to allow electron-beam patterning or inspection, a dielectric spacer would suffice to (partially) prevent nonradiative relaxation, with 10 nm being sufficiently thick to practically recover the maximum QY. Figs. 1(a) and 1(b) . Clearly, thinning the ITO coating by a factor 17 only marginally modifies the quenching behavior over all practical distances. In both cases, the experimental accessibility of the range of distances from 1 to 10 nm for nanometric ruler applications is superior compared with graphene.
